Kidney size adaptively increases as mammals grow and in response to the loss of 1 kidney. It is not clear how kidneys size themselves or if the processes that adapt kidney mass to lean body mass also mediate renal hypertrophy following unilateral nephrectomy (UNX).
Introduction
Kidney mass in growing mammals adapts concordantly to lean body mass (1) . Much of this kidney mass comprises proximal tubules. Unilateral nephrectomy (UNX) in rodents and humans also results in compensatory increases in the size of the remaining kidney (2) , and post-nephrectomy transplantation of a hypertrophied kidney restores both the transplanted kidney and the native, hypertrophied contralateral kidney to their normal size (3) . This tight autoregulation of native kidney mass to the metabolic demands of body mass has long intrigued cell biologists, even though an understanding of the underlying adaptive mechanisms has eluded decades of study (2) (3) (4) .
Phosphatase and tensin homolog (PTEN) is a tumor-suppressor gene that is frequently mutated or deleted somatically in a variety of human cancers (5) . The PTEN gene encodes a cytoplasmic protein that shares significant homology to the catalytic domain of protein phosphatases and to the cytoskeletal proteins tensin and auxilin (5) . PTEN has both protein phosphatase and lipid phosphatase activity (6) . The protein phosphatase activity of PTEN inhibits cell migration, spreading, and focal adhesions (7) . While the lipid phosphatase activity of PTEN is critical for its tumor-suppressor function, the activity of PTEN toward protein substrates is not essential for growth suppression (8, 9) .
A primary physiological lipid substrate of PTEN is phosphotidylinositol-3,4,5-triphosphate (PIP3) (9) , a lipid second-messenger molecule generated upon activation of the class I phosphatidylinositol 3-kinases (PI3K) in response to various stimuli, including growth factors and cytokines. Thus, PTEN negatively regulates class I PI3K signaling by dephosphorylating the D3-position phosphate of the inositol ring of PIP3 (8) (9) (10) . PTEN deficiency results in accumulation of PIP3, which recruits the serine/threonine kinase AKT, also called protein kinase B (PKB), to the plasma membrane where AKT is phosphorylated and fully activated by upstream kinases, including the phosphoinositide-dependent kinase 1 (PDK1) (11, 12) and the mechanistic (formerly mammalian) target of rapamycin (mTOR) complex 2 (mTORC2) (13) . PTEN specifically inhibits class I PI3K activity and does not interfere with activation or signaling of class II or III PI3K. Although class II PI3K is not very well studied, some investigators report an adaptor role in clathrin-mediated endocytosis (14) . Class III PI3K in eukaryotes is conserved from yeast to humans. Studies suggest that class III PI3K, in association with other proteins, regulates membrane trafficking, endosomal protein sorting, autophagy, and cytokinesis (14) . There are early findings that class III PI3K also modulates amino acid sensing, leading to mTORC1 activation (15) . mTOR forms 2 structurally and functionally distinct multiprotein complexes in all mammalian cells: mTOR complex 1 Kidney size adaptively increases as mammals grow and in response to the loss of 1 kidney. It is not clear how kidneys size themselves or if the processes that adapt kidney mass to lean body mass also mediate renal hypertrophy following unilateral nephrectomy (UNX). Here, we demonstrated that mice harboring a proximal tubule-specific deletion of Pten (Pten ptKO ) have greatly enlarged kidneys as the result of persistent activation of the class I PI3K/mTORC2/AKT pathway and an increase of the antiproliferative signals p21 Cip1/WAF and p27 Kip1 . Administration of rapamycin to Pten ptKO mice diminished hypertrophy. Proximal tubule-specific deletion of Egfr in Pten ptKO mice also attenuated class I PI3K/mTORC2/AKT signaling and reduced the size of enlarged kidneys. In Pten ptKO mice, UNX further increased mTORC1 activation and hypertrophy in the remaining kidney; however, mTORC2-dependent AKT phosphorylation did not increase further in the remaining kidney of Pten ptKO mice, nor was it induced in the remaining kidney of WT mice. After UNX, renal blood flow and amino acid delivery to the remaining kidney rose abruptly, followed by increased amino acid content and activation of a class III PI3K/mTORC1/S6K1 pathway. Thus, our findings demonstrate context-dependent roles for EGFR-modulated class I PI3K/mTORC2/AKT signaling in the normal adaptation of kidney size and PTEN-independent, nutrient-dependent class III PI3K/mTORC1/S6K1 signaling in the compensatory enlargement of the remaining kidney following UNX.
Phosphatidylinositol 3-kinase signaling determines kidney size
Bub2-Cdc16-1 domain family member 7 (TBC1D7), form a functional complex in which TSC2 is the catalytic subunit possessing GTPase-activating protein (GAP) activity toward RHEB, a member of the RAS family GTPases (20) . Genetic and biochemical evidence indicates that RHEB functions downstream of TSC2 and upstream of mTORC1 (16) . Activation of AKT phosphorylates and inactivates the GAP activity of TSC2 toward RHEB, resulting in accumulation of the GTP-bound form of RHEB and the consequent activation of the mTORC1 pathway (16, 21) . We have previously demonstrated that activation of the rapamycin-sensitive mTORC1/S6K1 signaling pathway in the remaining kidney in response to contralateral nephrectomy mediates increased RNA and protein synthesis in compensatory renal hypertrophy (22, 23) . A recent study demonstrated that phosphorylated ribosomal protein S6 (p-rpS6) is a downstream effector of the mTORC1/S6K1 signaling pathway mediating renal hypertrophy (24) .
Increasing evidence highlights the importance of PTEN-regulated signaling in numerous biological processes. Recent studies suggest a role in shaping the pattern of epithelial branching morpho-(mTORC1) and mTORC2 (16) . The regulatory-associated protein of mTOR (RAPTOR) only exists in mTORC1, while the rapamycin-insensitive companion of mTOR (RICTOR) is the key component of mTORC2. Increased mTORC1 activity not only stimulates ribosome biogenesis and protein synthesis but also modulates a range of cellular activities that are essential for cell growth (16) . Unlike mTORC1, mTORC2 does not regulate the phosphorylation of S6 kinase 1 (S6K1) and eukaryotic translation initiation factor (eIF) 4E-binding protein 1 (4E-BP1) (17); instead, mTORC2 regulates the class I PI3K signaling pathway by directly phosphorylating AKT on the key residue Ser473, and this phosphorylation is required for full activation of AKT (13) . AKT activation inhibits apoptosis and stimulates cell proliferation in many cell types by phosphorylating multiple downstream targets (18) .
Of note, tuberous sclerosis complex (TSC) is an autosomaldominant syndrome characterized by the development of hamartomas in a wide range of organs, including the kidneys, and is caused by mutation of either the TSC1 or TSC2 tumor-suppressor gene (19) . The TSC1 and TSC2 proteins, along with Tre2- , with whole-kidney genomic DNA as templates. The 2200-bp band from the WT allele was readily apparent in Pten Ctrl mice but only faintly detected in Pten ptKO mice. The 280-bp band was detected only in Pten ptKO mice but not in control mice. (C) The Cre recombinase gene was detected by PCR as a 410-bp band in Pten ptKO mice but not in Pten Ctrl mice, with genomic DNA from ear-punch biopsy samples used as templates. (D) Immunofluorescence staining of kidney sections confirmed that the Ggt1-Cre-mediated Pten deletion occurred selectively in the LTA-positive area (blue) but not in the THP-or DBA-positive tubules (red) of Pten ptKO mice, while PTEN (green) was ubiquitously expressed in the kidneys of Pten Ctrl mice. Scale bars: 100 μm. jci.org Volume 125 Number 6 June 2015 line expressing Cre recombinase under the control of the Ggt1 promoter (28) . As indicated in Figure 1A , to generate a renal proximal tubule-specific Pten-KO mouse line (Pten ptKO ), we crossed this Ggt1-Cre mouse with Pten exon 5-floxed mice (Pten fl/fl ); exon 5 encodes the essential phosphatase core domain of the PTEN protein (27) . PCR of genomic DNA from renal cortex (the bulk of which is made up of proximal tubules) indicated the expected 280-bp band amplified from the null allele, with significantly decreased expression of the 2200-bp band from the WT allele of the Pten gene in Pten ptKO mice, although we detected a residual 2200-bp band signal (presumably amplified from the WT allele of the Pten gene in other cell types such as the distal tubular cells in the renal cortex). The 280-bp band signal representing the null allele was not detectable in Pten fl/fl mice (herein referred to as Pten Ctrl ) ( Figure 1B ). PCR of the genomic DNA from renal cortex detected Cre recombinase only in Pten ptKO mice but not in their WT littermate control (Pten Ctrl ) mice ( Figure 1C ), confirming that Pten ptKO mice underwent Ggt1-Cre-mediated recombination successfully. Immunofluorescence staining, as indicated by the lack of PTEN colocalization with the proximal tubule-specific lectin Lotus tetragonolobus agglutinin (LTA) in Pten ptKO kidneys, but appropriate colocalization to the thick ascending limb (Tamm-Horsfall protein [THP]) and collecting duct (Dolichos biflorus agglutinin [DBA]), confirmed that the Ggt1-Cre-mediated Pten deletion was largely confined to renal proximal tubules ( Figure 1D ). Pten deletion in renal proximal tubules induced renal hypertrophy. Kidneys from Pten ptKO mice were morphologically indistinguishable from those of Pten Ctrl mice during the first few weeks of postnatal life. However, by 5 to 6 weeks of age, there was progressive kidney enlargement in Pten ptKO homozygous, but not heterozygous, mice. As indicated in Figure 2 , by 8 weeks of age, Pten ptKO mice exhibited marked renal growth characterized by increased kidney/ BW ( Figure 2A ) and protein/DNA ( Figure 2B ) ratios. Renal histology revealed that compared with their WT littermate Pten Ctrl mice ( Figure 2C ), Pten ptKO mice showed markedly enlarged renal proximal tubules without glomerular enlargement ( Figure 2D ). Morphometric analyses of cross-sectional tubules and glomerular areas confirmed significant increases in renal mass exclusively in the proximal tubules ( Figure 2E ), but not in the glomeruli ( Figure 2F ).
Pten deletion in renal proximal tubules stimulated minor but statistically significant cell proliferation. Although the exact mechanism that activates mTORC2 kinase activity is not completely understood, recent studies reported that PIP3, which accumulates when Pten is deleted, directly stimulates the kinase activity of genesis in the developing kidneys (25) . However, the physiological role of PTEN in the nephron segments of developed, mature kidneys remains unclear. Homozygous deletion of Pten is embryonically lethal before midgestation (26) . Therefore, we used a Cre/LoxP strategy to delete Pten specifically in renal proximal tubules (Ggt1-Cre Pten fl/fl , herein referred to as Pten ptKO ) (27, 28) , making use of the promoter Ggt1, which is not active in that nephron segment until nephrogenesis is virtually complete (28, 29) .
Here, we found that Pten ptKO mice developed significantly larger kidneys than did control littermates, an enlargement characterized by a predominance of proximal tubule cell hypertrophy, with only slightly increased cell proliferation. These results indicate an important role for PTEN in the class I PI3K/mTORC2/ AKT/mTORC1/S6K1 pathway in regulating adaptive kidney size; genetic deletion of Egfr in Pten ptKO mice also disrupted this signaling pathway. Unexpectedly, we found that deletion of Pten did not affect compensatory hypertrophy after contralateral nephrectomy. Instead, compensatory hypertrophy was associated with increased activation of PTEN-independent, nutrient-dependent class III PI3K/mTORC1/S6K1 signaling.
Results
Selective Pten deletion in renal proximal tubules. Significant expression of γGT (encoded by Ggt1) occurs in the renal proximal tubule beginning 2-3 weeks after birth, when nephrogenesis is virtually complete (29) . The Ggt1 promoter has been used to successfully target different genes of interest specifically to the renal proximal tubule (28) . We have previously generated a transgenic mouse mice appeared otherwise normal, we followed a cohort of Pten ptKO mice for over a year. However, none of the Pten ptKO mice developed any detectable renal tumors, even when another cohort of Pten ptKO mice was monitored up to 78 weeks of age, although hepatocyte-specific Pten deletion caused 100% of the mice to develop adenomas or hepatocellular carcinomas by this age (32) .
mTORC2 (30) . The mTORC2 kinase activity then directly phosphorylates AKT at Ser473, which, along with AKT phosphorylation at Thr308 by PDK1 (11) , is required for full activation of AKT (13) .
In addition to mediating insulin signaling, AKT activation induces cell proliferation in some cases (18) . Of note, although increased protein synthesis, and thereby cell growth, is the predominate factor causing renal hypertrophy in response to removal of the contralateral kidney, cell proliferation is also a minor contributing factor in compensatory renal hypertrophy (31) .
To this end, we evaluated cell proliferation by immunofluorescence staining for the proliferating cell marker Ki67. As shown in Figure 3 , compared with the kidneys of their WT Pten Ctrl littermates ( Figure 3A ), Pten ptKO kidneys had a statistically significant increase in Ki67-positive proliferating cells ( Figure 3 , B and C). Rapamycin treatment of Pten ptKO mice significantly decreased Pten deletion-induced cell proliferation compared with that seen in vehicle-treated Pten ptKO mice ( Figure 3C ).
Pten deletion in renal proximal tubules did not cause development of tumors in aging kidney. Since enlarged kidneys from Pten ptKO vating mTORC1 (16) . Thr1462-phosphorylated TSC2 levels were also markedly increased in the kidneys of Pten ptKO mice ( Figure 4A ), thus further confirming activation of mTORC2. The levels of both rapamycin-sensitive Thr389-phosphorylated S6K1 ( Figure 4B ) and downstream Ser235/236-phosphorylated rpS6 were also increased in the kidneys of Pten ptKO mice ( Figure 4C ). Double immunofluorescence staining confirmed that the increased rpS6 phosphorylation was localized to the cytoplasm of renal tubular epithelial cells that costained with LTA, thus confirming mTORC1 activation in the renal proximal tubules of Pten ptKO mice ( Figure 5A ).
Pten deletion activated both mTORC2/AKT and mTORC1/ S6K1 signaling. PTEN is known to dephosphorylate the lipid second messenger PIP3, which positively regulates AKT activity (10), and overexpression of active AKT in the heart results in massive cardiac hypertrophy (33) . We found that Ser473-phosphorylated AKT was markedly increased in the kidneys of Pten ptKO mice (Figure 4A ), indicating mTORC2 activation (13) . Thr308-phosphorylated AKT levels were also increased (data not shown). TSC2 is a physiological substrate of AKT in vivo, and AKT phosphorylation of Thr1462 inhibits the engagement of RHEB by TSC2, thus acti- Previous studies demonstrated a concomitant increase in the cell cycle inhibitors p21 Cip1/WAF and p27 Kip1 during compensatory renal hypertrophy (34, 35) . Of interest, p21 Cip1/WAF -positive cells in LTA-positive proximal tubules markedly increased in the enlarged kidneys of Pten ptKO mice compared with that seen in Pten Ctrl mice ( Figure 5 , B and C). Similarly, p27 Kip1 -positive cells in LTA-positive proximal tubules also significantly increased in the enlarged Pten ptKO kidneys ( Figure 5 , D and E).
Rapamycin had no effect on mTORC2/AKT signaling but inhibited mTORC1/S6K1 signaling and attenuated Pten KO-induced renal growth. Upon entry into mammalian cells, rapamycin forms a complex with the immunophilin FK506-binding protein 12 (FKBP12). This complex subsequently binds to the FKBP12-rapamycin-binding (FRB) domain of mTOR within mTORC1 and inhibits the kinase activity of mTORC1 (36) ; in contrast, the mTOR in mTORC2, which phosphorylates its downstream effector AKT on Ser473 and thus activates AKT (13), does not bind rapamycin-FKBP12 and has been demonstrated to be rapamycin insensitive (37) . Administration of rapamycin (1 mg/kg BW, daily by i.p. injection) to 10-week-old Pten ptKO mice for 7 days indeed had no effect on either mTORC2-mediated AKT phosphorylation at Ser473 ( Figure 6A ) or PDK1-mediated AKT phosphorylation at Thr308 (data not shown), but almost completely blocked mTORC1-mediated S6K1 phosphorylation at Thr389 ( Figure 6B ), attenuated the increase in the kidney/BW ratio ( Figure 6C ), and decreased the protein/DNA ratio ( Figure 6D ).
Egfr deletion attenuated mTORC2/AKT/mTORC1/ S6K1 signaling and reduced Pten KO-induced kidney hypertrophy. Mouse proximal tubular cells express EGFR (38) , and activation of this receptor tyrosine kinase by various ligands (EGF, proHB-EGF, TGFα, or amphiregulin) is implicated in the activation of class I PI3K/AKT signaling (2) . In addition, EGFR activation by proHB-EGF is implicated in angiotensin II-induced hypertrophy of renal epithelial cells in culture (39) . We crossed Egfr fl/fl mice with Ggt1-Cre mice (28) Figure 7A . Compared with Pten ptKO mice, the Egfr Pten ptDKO mice exhibited a significantly reduced kidney/BW ratio ( Figure 7B ); there was no difference in the kidney/BW ratios in any of the 3 controls: Egfr Ctrl (Egfr fl/fl ) mice, Pten Ctrl mice, and doublecontrol Egfr Pten DCtrl mice.
Our signaling experiments revealed that the increased basal levels of Ser473-phosphorylated AKT and Thr389phosphorylated S6K1 observed in Pten ptKO kidneys were markedly attenuated in the kidneys of Egfr Pten ptDKO mice ( Figure 7 , C and D). These findings collectively link EGFR activity to PTEN/class I PI3K/mTORC2/AKT/mTORC1/S6K1 signaling in the modulation of sizing of renal mass to that of lean body mass.
UNX induced further growth of the remaining kidney in Pten ptKO mice. Previous studies demonstrated that activation of the mTORC1/S6K1 signaling pathway mediates hypertrophic renal growth in response to contralateral nephrectomy (22, 23) . Following UNX, 25% of compensatory renal growth derives from early and brief cellular proliferation and 75% from subsequent enlargement of tubular and glomerular cells over several weeks (31) . As shown in Figure 8 , our results revealed that contralateral nephrectomy in Pten ptKO mice induced further renal hypertrophy in the remaining kidney, as indicated by further increases in kidney size ( Figure 8A ), kidney/BW ratio ( Figure 8B ), and protein/DNA ratio ( Figure 8C ), although the degree of incremental compensation was comparable to that seen in WT mice ( Figure 8D ). Unlike the renal growth of naive Pten ptKO mice, which only displayed enlargement of the proximal tubules but not of the glomeruli (Figure 2 , C-F), UNX-induced compensatory hypertrophy in Pten ptKO mice occurred not only in the proximal tubules but also in the glomeruli (Figure 9 , A-D). UNX activated mTORC1 but not mTORC2 in the remaining kidney. Neither the basal level of Ser473-phosphorylated AKT and Thr1462-phosphorylated TSC2 in the remaining kidney of WT mice, nor the Pten deletion-elevated AKT and TSC2 phosphorylation in the remaining kidney of Pten ptKO mice, was augmented by UNX ( Figure 10A ), indicating that PTEN/mTORC2/ AKT signaling was not involved in the compensatory responses elicited by UNX. As indicated in Figure 10B , following contralateral nephrectomy, the remaining kidneys of both Pten ptKO and WT Pten Ctrl mice exhibited markedly higher levels of S6K1 phosphorylation at Thr389, the site directly phosphorylated by mTORC1 for S6K1 activation (41, 42) . UNX-induced increases in the levels of Ser235/236-phosphorylated rpS6 further confirmed activation of the mTORC1/S6K1 signaling pathway ( Figure 10C and refs. 22, 23) . Thus, unlike the mechanism mediating Pten deletion-induced kidney growth, mTORC1/S6K1 signaling-driven compensatory renal hypertrophy induced by UNX is independent of the PTEN/ class I PI3K/mTORC2/AKT signaling pathway.
Increased delivery of amino acids stimulated class III PI3K activity and induced hypertrophy in the kidneys of WT mice. Previous studies have indicated that amino acids can activate mTORC1 through a non-class I PI3K/AKT-mediated pathway that involves activation of class III PI3K (43, 44) . In the kidney, proximal tubular epithelial cells are responsible for the reabsorption of amino acids in the glomerular filtrate. We were able to maintain mouse renal proximal tubular epithelial (MCT) cells in a 1:1 mixture of DMEM and Ham's F-12 culture medium (Invitrogen, Life Technologies), so we defined the concentration of amino acids in this culture medium as 1×. To determine whether increased plasma levels of amino acids will activate mTORC1 in the kidney, 8-week-old inbred male DBA/2 mice were treated with either vehicle alone or 2× amino acids, as described in Methods. As shown in Figure 11 , compared with vehicle-treated mice, increased delivery of amino acids markedly increased the activity of class III PI3K ( Figure 11A ) and increased the level of S6K1 phosphorylation at T389, confirming mTORC1 activation ( Figure 11B ). Figure 12B) , with a consistent inhibition of the lipid kinase activity of class III PI3K ( Figure 12C ). As indicated in Methods, these results were further confirmed by using 2 additional sets of individual siRNAs that were previously demonstrated to be effective and specific for knocking down class III PI3K (data not shown) (43) . This selective mTORC1 activation by amino acids in the cultured proximal tubule cells is consistent with previous demonstrations of such a role for class III PI3K in other cell types (43, 44) . As shown in Figure 12D , quiescent renal proximal tubular epithelial (MCT) cells deprived of serum and amino acids had minimal mTOR localization on the lysosomal membranes, as evidenced by the minimal mTOR colocalization with LAMP1. Of interest, readdition of amino acids to the quiescent cells markedly induced mTOR colocalization with LAMP1 ( Figure 12D ), but siRNA-mediated ablation of class III PI3K prevented amino acids from inducing mTOR colocalization with LAMP1 ( Figure 12E ). These results further indicate that class III PI3K plays an essential role in mediating amino acid-induced mTORC1 activation through a mechanism involving the recruitment of mTOR to its activation site -the lysosomal membranes (45, 46) .
UNX increased the activity of class III PI3K and induced mTOR localization on the lysosomal membrane in kidney. Previous studies have shown that upon removal of 1 kidney, renal blood flow Recent studies have documented that amino acids activate mTORC1 by inducing translocation of mTORC1 to the lysosomal membrane where the mTORC1 activator RHEB resides, which activates mTORC1 in association with the RAG GTPase heterodimers and the MP1, p14, and p18 trimeric protein complex termed Ragulator (45, 46) . Of note, previous studies have also demonstrated that the population of mTOR at the lysosomal membrane represents mTORC1, as the colocalization of mTOR with lysosome-associated membrane protein (LAMP) 1 or 2 is lost upon knockdown of the mTORC1-defining component RAPTOR (20, 46) . Within 30 minutes of amino acid infusion, we observed increased colocalization of mTOR at the lysosomal membrane with LAMP1, a well-established marker specific for lysosomal membranes (47) , in the kidneys of WT mice ( Figure  11C ). Moreover, chronically increasing delivery of amino acids to WT mice via their drinking water for 2 weeks caused significant increases in the renal protein/DNA ratio ( Figure 11D ) and the kidney/BW ratio ( Figure 11E ), indicating increased protein synthesis and renal hypertrophy.
Amino acid administration has been demonstrated to stimulate protein synthesis (48, 49) and induce rpS6 phosphorylation in a rapamycin-sensitive manner (50, 51) . Using insulin as a positive control for mTORC1 activation by the class I PI3K/AKT pathway (16, 21) , we found that in cultured renal proximal tubule cells, amino acids did not induce an increase in Ser473-phosphorylated AKT levels ( Figure 12A ), but stimulated a marked increase in Thr389-phosphorylated S6K1 levels ( Figure 12B ). As shown in Figure 12C , immunoprecipitation with an antibody specifically recognizing class III PI3K, followed by in vitro kinase activity ated and striking inhibitory role for PTEN in controlling kidney size. We reasoned that an upstream positive signal is required for activation of class I PI3K-dependent dynamic PIP3 production (8, 9) and identified EGFR as a positive regulator upstream of class I PI3K activation, because when we deleted EGFR in the renal proximal tubules of Pten ptKO mice by generating proximal tubule-specific Egfr and Pten double-KO (Egfr Pten ptDKO ) mice, we observed a marked reduction in Pten KO-induced renal growth. These results demonstrate that EGFR is an important upstream regulator that positively maintains the dynamic activity of the class I PI3K/mTORC2/AKT signaling pathway, while PTEN negatively regulates such signaling activities. Thus, our studies indicate that such a balanced counterregulation is an important mechanism underlying the tightly maintained normal kidney size relative to body mass. Our studies also revealed that in the context of UNXinduced kidney growth, the mTORC2/AKT signaling pathway is not activated. Therefore, additional experiments were directed at identifying the long-sought-after initial signal that activates the mTORC1/S6K1 signaling pathway mediating UNX-induced compensatory renal hypertrophy (22, 23) . We observed an immediate increase in RBF in response to ligation of the contralateral renal pedicle. We also observed a marked increase in the concentration of free amino acids in the remaining kidney following removal of the contralateral kidney, and our in vitro cell culture studies revealed that class III PI3K mediates the activation of mTORC1/ S6K1 signaling in renal proximal tubular epithelial cells in response to amino acid stimulation. Amino acids activated the kinase effect of class III PI3K, and siRNA-mediated downregulation of class III PI3K expression inhibited amino acid-induced increases in S6K1 phosphorylation at Thr389, the site phosphorylated by mTORC1 kinase activity. Our in vivo animal studies revealed that the kinase activity of class III PI3K was markedly increased in the remaining kidney in response to contralateral nephrectomy.
(RBF) to the remaining kidney increases immediately, with a 16% increase still being seen after 28 days (52) . Using an Oxy-Flow system, we also observed an immediate increase in RBF in response to ligation of the contralateral renal pedicle even before the removal of the kidney; this RBF signal decreased to zero following sacrifice of the mice by isoflurane overdose (Figure 13A) . By reverse-phase HPLC analysis, we also observed that UNX induced a marked increase in the concentration of free amino acids in the remaining kidney within 3 minutes, followed by a slightly lessened but persistent increase even after 24 hours ( Figure 13B ). We also observed markedly increased lipid kinase activity of class III PI3K in the remaining kidney in response to contralateral nephrectomy ( Figure 13C ).
UNX stimulated markedly increased mTOR colocalization with LAMP1 in the tubular epithelial cells of the remaining kidney compared with that seen in sham-operated mice, indicating that mTOR was markedly accumulated on the lysosomal membranes of renal tubular epithelial cells in response to removal of the contralateral kidney ( Figure 13D) . Thus, our observations support the concept that increased delivery of amino acids into the remaining kidney by increased RBF in response to contralateral nephrectomy is an important initial growth signal that activates class III PI3K to act as an upstream mediator for activation of the mTORC1/S6K1 signaling pathway, which underlies compensatory renal hypertrophy following loss of renal mass (22) (23) (24) .
Discussion
In the present study, we first examined the role of PTEN in the regulation of postembryonic kidney size by deleting Pten selectively in renal proximal tubules, which make up the bulk of kidney mass, using a Ggt1 promoter-driven Cre mouse line to cross with Pten fl/fl mice. The resulting kidney hypertrophy in these proximal tubulespecific Pten-KO (Pten ptKO ) mice indicates a previously unappreci- A and B) UNXinduced hypertrophy occurred not only in the proximal tubules but also in the glomeruli in both Pten Ctrl (compare A with Figure 2C ) and Pten ptKO mice (compare B with Figure 2D ). (C and D) Quantification by morphometric analysis of proximal tubule area and glomerular area in sham-operated or UNX-operated Pten Ctrl and Pten ptKO mice revealed that, unlike the renal growth in sham-operated Pten ptKO mice, which did not differ from that seen in the naive Pten ptKO mice that only exhibited enlargement of the proximal tubules but not of the glomeruli (also revealed in Figure 2 Our previous results had demonstrated that activation of mTOR-dependent signaling was a necessary component of contralateral nephrectomy-mediated compensatory renal hypertrophy (22) (23) (24) . Our new results suggest that increased amino acid delivery to the remaining kidney due to increased RBF is an early signal that induces activation of class III PI3K and translocation of mTOR to the lysosomes, leading to activation of mTORC1 signaling to phosphorylation of S6K1 and, consequently, activation of the S6K1/rpS6 signaling pathway for the initiation of increased protein synthesis and cell growth, which underlie compensatory kidney hypertrophy (depicted in Figure 14 ). We have attempted to further confirm the involvement of class III PI3K in UNX-induced renal hypertrophy in a KO mouse model by deleting the mouse class III PI3K gene. However, germline deletion of class III PI3K by breeding Pik3c3 fl/fl mice with a CAG-Cre-driver strain (The Jackson Laboratory), deleting the gene at the 1-cell embryo stage, resulted in embryonic lethality, and even crossing Pik3c3 fl/fl mice (54) with Ggt1-Cre mice (28) or Pepck-Cre mice (55) did not result in viable class III PI3K-KO mice.
The phenomenon of compensatory renal hypertrophy was first described more than a century ago (56) . Compensatory renal hypertrophy is an important consequence in remaining renal tissue following partial or complete UNX as well as in both recipients and living donors following renal transplantation. In addition, it is recognized that compensatory renal hypertrophy occurs in virtually all kidney diseases that cause nephron damage and, consequently, a reduction in the number of functioning nephrons (57) (58) (59) (60) . Evidence suggests that excessive compensatory renal hypertrophy may sometimes be a maladaptive response that sets the stage for the inexorable progression of further nephron damage, interstitial fibrosis, tubular atrophy, progressive decline of renal function, and development of end-stage renal disease, while attenuation of compensatory renal hypertrophy might limit progressive kidney damage (56) (57) (58) (59) . However, the underlying signals and mechanisms mediating both the normal regulation of kidney size and the onset and extent of compensatory renal hypertrophy have long been a mystery. Class III PI3K is also known as the mammalian homolog of yeast vacuolar protein sorting defective 34 (mVps34). Although Vps34 is the only PI3K in yeast (61), mammals have evolved to express 3 different classes of PI3Ks (14) , and our studies here reveal that both class I and class III PI3K signaling activities are important mediators of the tight regulation of kidney size in a context-dependent manner to maintain a relatively constant kidney mass/lean body mass ratio so that the homeostasis of a healthy body can be achieved. These findings could lead to therapeutic strategies for preventing progressive nephron damage by judicious pharmacological modulation of class I and/or class III PI3K signaling activities, as virtually all kidney diseases that cause nephron damage could ultimately lead to maladaptive hypertrophy in the residual surviving nephrons.
Methods
Reagents and antibodies. Most reagents, including β-actin monoclonal antibodies, were purchased from Sigma-Aldrich. Rapamycin was purchased from LC Laboratories. Antibodies against PTEN (catalog 9552 ), p-AKT (Ser473; catalog 4060), p-AKT (Thr308; catalog 2965), p-tuberin/TSC2 (catalog 3617), p70 S6 kinase (catalog 2708), p-p70
Our further experiments confirmed that increased delivery of exogenous amino acids markedly increased the activity of class III PI3K, induced translocation of mTOR to the lysosomal membrane, and activated mTORC1 signaling to S6K1 phosphorylation at Thr389, leading to increases in both protein/DNA and kidney/BW ratios (indicating renal hypertrophy) in WT mice, independent of any KOs. This finding is consistent with previous studies indicating that a high-protein diet can induce kidney hypertrophy (53) . Moreover, our additional experiments demonstrated greater mechanistic insight into how amino acids activate mTORC1 in renal proximal tubule cells. Specifically, our in vitro studies suggest that amino acids stimulate mTORC1 activation by inducing class III PI3K-dependent translocation of mTOR to the lysosomal membrane, which is the site of mTORC1 activation (45, 46) , in cultured renal proximal tubular cells. We also confirmed that UNX increased accumulation of mTOR on the lysosomal membrane in the renal tubular cells in the remaining kidney in WT mice. Animals, surgical procedures, and rapamycin treatment. Animals were housed at either the Vanderbilt University veterinary facility (MRBIII) or the Georgia Regents University veterinary facility (CA Building) for the different experiments performed in the present study. Pten fl/fl mice on a BALB/cByJ background were purchased from the The Jackson Laboratory. Inbred male DBA/2 mice were from Taconic. We have previously described the generation of the Ggt1-Cre transgenic mouse line (28) ; this Ggt1-Cre mouse line was backcrossed with BALB/cByJ for 7 generations before mating with the Pten fl/fl mice to generate renal proximal tubule cell-specific homozygous Pten-KO (Pten ptKO ) mice. Compensatory renal hypertrophy was induced as we previously described (22) (23) (24) . For experiments testing the effect of rapamycin, mice were administered either rapamycin (1 mg/kg BW, daily by i.p. injection) or vehicle alone for 7 days. For studies examining the role of EGFR, we used Egfr fl/fl mice on a BALB/cByJ background. These mice were crossed with Gtg1-Cre mice (28) to produce proximal tubule-specific Egfr-KO (Egfr ptKO ) mice (40) , and then further crossed with Pten fl/fl mice to produce renal proximal tubule-specific Egfr and Pten double-KO (Egfr Pten ptDKO ) mice and double-control (Egfr Pten DCtrl ) mice, as depicted in Figure 7A . S6K1 (catalog 9234), rpS6 (catalog 2217), and p-rpS6 (catalog 4856) were purchased from Cell Signaling Technology. Antibodies against THP glycoprotein (catalog 55140) were obtained from MP Biomedicals. Ki67 antibody (catalog NCL-Ki67p) was purchased from Novocastra Laboratories. Collagen type I antibody (catalog AB765P) was purchased from EMD Millipore. Class III PI3K antibodies (catalog 38-2100) were purchased from Zymed Laboratories (Life Technologies). Antibodies against p21 (catalog sc6246), p27 (catalog sc528), and LAMP1 (catalog sc-19992) were purchased from Santa Cruz Biotechnology Inc. [γ-32 P]ATP (specific activity, 3,000 Ci/mmol) was obtained from PerkinElmer Life and Analytical Sciences LLC. PI was obtained from Avanti Polar Lipids Inc. Biotin-conjugated LTA (catalog B-1325), FITC-conjugated LTA (catalog FL1321), biotin-conjugated DBA (catalog B-1035), and biotin-conjugated anti-rabbit IgG antibody (catalog BA-1000) were purchased from Vector Laboratories. Cy3-conjugated anti-goat antibody (catalog 705-165-003) was purchased from Jackson ImmunoResearch Laboratories. Alexa Fluor 555 (catalog S-21381) or Alexa Fluor 647-conjugated streptavidin (catalog S-21374) was purchased from Molecular Probes. Figure 11 . Increased delivery of amino acids increases class III PI3K activity, induces mTOR translocation to lysosomal membranes and activation, and induces hypertrophy in the kidneys of WT mice. Inbred 8-weekold male DBA/2 mice were injected through the tail vein with either 2× amino acids or vehicle (saline) control as detailed in Methods. Thirty minutes later, the mice were sacrificed and kidney samples harvested to measure class III PI3K activity by immunoprecipitation with anti-class III PI3K antibodies, followed by an in vitro lipid kinase activity assay using PI as a substrate (A, top); an aliquot of the immunoprecipitated proteins (IP) was subjected to immunoblotting (IB) with an anti-class III PI3K antibody to detect the amounts of immunoprecipitated class III PI3K (A, bottom). The remaining harvested kidney samples were used to measure mTORC1 signaling to S6K1 phosphorylation at Thr389 (B), and confocal microscopy was used to detect the localization of mTOR (green) and LAMP1 (red), with nuclei highlighted by DAPI (blue) (C). (D and E) Inbred 8-week-old male DBA/2 mice were given daily fresh 4× amino acids through the drinking water (13.3 ml 150× stock amino acids in 500 ml drinking water) or vehicle control (13.3 ml saline in 500 ml drinking water). Two weeks later, the mice were sacrificed to measure renal protein/ DNA (D) and kidney/BW (E) ratios. the drinking water (13.3 ml 150× stock amino acids in 500 ml drinking water), while another vehicle control group was given drinking water containing the same amount of vehicle (13.3 ml saline in 500 ml drinking water). Two weeks later, the mice were sacrificed to quantitate protein/DNA ratios in the kidney and kidney/BW ratios.
Genotyping. DNA was extracted and PCR was performed as we have described previously (28, 40) . The PCR primers used for genotyping were: Pten 5A (TGATAGAACGGAAGTCTTGC) and Pten 3C (CATGAGATTAATCACTCACAG) for detection of the Pten-floxed allele; Pten 5A (above) in combination with Pten P3 (GCTTGATATC-GAATTCCTGCAGC) (27) for verification of Cre-mediated Pten deletion in the kidney; and Cre 5′ (AGGTGTAGAGAAGGCACTTAGC) and Cre 3′ (CTAATCGCCATCTTCCAGCAGG) for further confirmation of Ggt1-Cre-positive mice.
Immunofluorescence staining and immunoblot analysis. In addition to standard H&E staining, paraffin-embedded kidney sections (3 μm in thickness) were also subjected to immunofluorescence staining procedures essentially as we have previously described (24, 28, 40) . Immunoblotting procedures were performed as described previously (22-24, 62, 63) .
Measurement of protein/DNA ratios. Renal cortex and medulla, excluding papilla (0.08 g per sample), were homogenized in a 1.5-ml lysis buffer containing 0.02% SDS, 150 mM NaCl, and 15 mM Na Treatment of WT mice with increased delivery of amino acids. Inbred male DBA/2 mice (Taconic) were randomly divided at 8 weeks of age into amino acid treatment groups and vehicle treatment groups (5 mice per group). For acute early signaling studies, we directly injected 2× amino acids into the tail vein of mice in 1 amino acid treatment group. 1× is defined as the concentration of amino acids present in the nutrient-enriched DMEM/F-12 cell culture medium, which was a 1:1 mixture of DMEM and Ham's F-12 (Invitrogen, Life Technologies). Given that, on average, the mice have 58.5 μl of blood per gram of BW, we injected 9 μl 15× stock amino acids per gram of BW to ensure all the mice in the amino acid treatment group had exactly the same degree of increased delivery of amino acids, attempting to achieve a final concentration of 2× amino acids. All the mice in one of the vehicle treatment groups were tail-vein injected with the same amount of vehicle (9 μl saline per gram of BW). Thirty minutes later, the mice were sacrificed to measure class III PI3K activity, mTOR localization, and mTORC1 signaling activity in the kidney.
Since, on average, mice drink 0.15 ml/g BW/day (usually 3-5 ml water/day) and have 58.5 μl of blood per gram of BW, we sought to examine whether chronically increased delivery of amino acids could cause increased protein synthesis leading to renal hypertrophy by providing an additional group of mice with daily fresh 4× amino acids in tutional animal housing environment for 2 weeks. Mice were then subjected to sham or right UNX as described in the surgical procedures above. The mice were sacrificed after surgery at the times indicated above, and the left kidneys were harvested. Renal cortical homogenates were prepared by sonication in the presence of 50 μM α-aminobutyric acid (as an internal standard) to release free amino acids. After adding equal volumes of 4% perchloric acid, the homogenates were incubated on ice for 1 hour to precipitate proteins. The renal cortical homogenates were clarified at 20,800 g for 5 minutes at 4°C. Free amino acid concentrations in the supernatants were determined by reverse-phase HPLC after precolumn derivatization with phenylisothiocyanate as reported previously (64) . Amino acid concentrations are expressed as the mean ± SEM in μmoles per 100 mg fresh renal cortex tissues.
citrate, followed by a 10-fold dilution. DNA determination was performed in triplicate as we described previously (22) (23) (24) . Measurement of cross-sectional cortical tubule area and glomerular surface area. For each mouse, the area of 50 cross-sectional cortical tubules and glomeruli was randomly measured in the H&Estained sections by the BIOQUANT True-Color Windows System (R & M Biometrics Inc.) (40) .
Quantification of Ki67-, p21-, and p27-positive tubule nuclei. Six photographs were taken randomly at ×200 magnification. The values were calculated by the ratio of Ki67-, p21-, and p27-positive tubule nuclei to the total number of LTA-positive renal proximal tubule cells costained with DAPI to highlight all nuclei (63) .
Measurement of amino acids. Male DBA/2 mice, aged 6 weeks, were purchased from Taconic and allowed to adapt to our insti- Figure 13 . UNX induces increased RBF and renal delivery of amino acids, activates class III PI3K, and induces mTOR localization on the lysosomal membrane in the remaining kidney. (A) An immediate increase in RBF in mice occurred upon ligation of the contralateral renal pedicle, followed by gradually decreased RBF initiated by an overdose perfusion of isoflurane. RBF is expressed as blood perfusion units (BPU). (B) Significant increases were observed in free amino acid content in the remaining kidney of mice in response to UNX (U) compared with sham-operated mice (S). ANOVA with Bonferroni's t correction was used for statistical analysis of the data. *P < 0.001 indicates a comparison between group U versus group S at each time point, respectively. No significant difference was seen in the S group at different time points (P > 0.05). n = 5 mice per group per time point. (C) Class III PI3K kinase activity in the left kidney was measured using the same lipid kinase activity assay as in Figure 11A after 8-week-old male DBA/2 mice were subjected to right sham or UNX surgery for the indicated time periods, with the lower panel showing immunoprecipitated class III PI3K. (D) Eight-week-old male DBA/2 mice were subjected to right sham or UNX surgery. The mice were sacrificed 6 hours later to harvest and process the left kidney for immunofluorescence staining and confocal microscopy to detect the localization of mTOR and LAMP1. n = 5 mice per treatment group for animal experiments with similar results. Scale bar: 5 μm.
1 mM MgCl 2 , 1 mM CaCl 2 , 10% glycerol, 1 mM Na 3 VO 4 , 50 mM NaF, 1 mM PMSF, 10 μg/ml aprotinin, and 10 μg/ml leupeptin. Cell lysates were clarified at 19,400 g for 5 minutes at 4°C, and protein concentrations were determined by the bicinchoninic acid assay (Pierce, Life Technologies). The cell lysates were subjected to immunoblot analysis and a class III PI3K kinase activity assay.
RNA interference. The siRNA transfection procedures for the mouse class III PI3K (encoded by the gene Pik3c3) RNA interference were performed as we described previously (66) . Briefly, 70% to 80% confluent MCT cells were transfected with Silencer Negative Control siRNAs (catalog AM4611; Ambion, Life Technologies), Dharmacon SMARTpool ON-TARGETplus Mouse Pik3c3 siRNA L-063416-00-0005 (Thermo Fisher Scientific), or individual class III PI3K-specific siRNAs using the Lipofectamine reagent method (Invitrogen, Life Technologies). The 2 sets of individual siRNAs specifically target the following coding sequences of the mouse class III PI3K gene Pik3c3: GTGGCTGAAACTTCCGGTGAA and ATGGTGACGAATCATCTC-CAA (siRNAs targeting these corresponding sequences of the human class III PI3K gene PIK3C3 have also been demonstrated to silence human class III PI3K effectively; ref. 43 ). Forty-eight hours after transfection, cells were made quiescent and treated as described above in Cell culture and treatment.
Class III PI3K kinase activity assay. A class III PI3K kinase activity assay was performed as previously described (43, 44) , class III PI3K was immunoprecipitated from either MCT cell lysates or kidney homogenates, washed twice sequentially with 1% NP-40/100 mM NaCl/1 mM Na 3 VO 4 ; 500 mM LiCl/100 mM Tris-HCl (pH 7.4)/1 mM Na 3 VO 4 ; 20 mM Tris-HCl (pH 7.4)/100 mM NaCl/1 mM EDTA/1 mM Na 3 VO 4 ; and 20 mM Tris-HCl (pH 7.4)/100 mM NaCl/10 mM MnCl 2 before in vitro lipid kinase reactions using PI as a substrate in the presence of MnCl 2 and [γ-32 P]ATP. The reactions were stopped by addition of 1 M HCl, and then lipids were extracted by addition of an equal volume of CHCl 3 /MeOH (1:1) and analyzed by TLC with a mobile phase consisting of CHCl 3 /MeOH/4 M NH 4 OH (9:7:2, v/v). The TLC plates were dried by incubation at 100°C for 5 minutes. The radioactive phosphorylation product PI-3-P was then visualized by autoradiography.
Statistics. Data are presented as the mean ± SEM for at least 3 separate experiments (each performed in duplicate or triplicate). A 1-tailed unpaired t test was used for statistical analysis, and ANOVA with Bonferroni's t correction was used for multiple group comparisons. Mann-Whitney U tests were used for statistical analysis of the quantitative data on the proximal tubular area, glomerular area, and ratios of Ki67-positive tubular nuclei to total number of tubular cells. A P value of less than 0.05 was considered statistically significant.
Study approval. Animal care and all experimental procedures involving mice were performed in accordance with NIH guidelines for Measurement of RBF. Eight-week-old male DBA/2 mice were used for the measurement of RBF. Briefly, mice were placed on a warming table and anesthetized with constant perfusion of isoflurane. Under aseptic conditions, a right flank incision was made and the right renal pedicle isolated. A loose ligature (4-0 silk suture) was placed around the renal pedicle to ensure that RBF to the right kidney was not occluded, and the right kidney was returned to the retroperitoneum. The left kidney was exposed through the site of a left flank incision, a laser Doppler fiber optic flow probe was inserted, and relative RBF into the left kidney was measured using an Oxy-Flow system (Oxford Optronix).
Saline-saturated sponges were used to cover up the left kidney to prevent evaporation. After a 15-minute equilibration period, left RBF was stabilized, and a ligature placed around the right renal pedicle was tightened to completely block RBF to the right kidney. RBF into the left kidney was recorded. After an additional 30 minutes, an overdose perfusion of isoflurane was applied to the mice, and the recording was continued until the RBF dropped to zero as a result of the isoflurane overdose-induced sacrifice of the mice.
Cell culture and treatment. MCT cells, a well-established murine renal proximal tubule cell line that maintains the characteristics of renal proximal tubule cells (65), were maintained in low glucose (5.5 mM) Gibco DMEM/F-12 Nutrient Mixture (DMEM/F-12) medium supplemented with 100 units/ml penicillin, 100 mg/ml streptomycin, and 10% FBS (HyClone, GE Healthcare) in a humidified incubator at 37°C. Cells were made quiescent in DMEM/F-12 medium containing 0.5% serum and 0.01× amino acids (those found in the Gibco DMEM/F-12 were defined as 1× amino acids) for 6 hours before treatment with 1× amino acids, 100 nM insulin, or vehicle (saline) alone for 30 minutes. The cells were quickly washed twice with ice-cold Ca 2+ / Mg 2+ -free PBS and lysed on ice for 30 minutes in a lysis buffer containing 1% Nonidet P-40, 50 mM NaCl, 20 mM Tris-HCl, 137 mM NaCl, Figure 14 . Schematic diagram depicting the regulation of kidney size by PI3K signaling in different contexts. UNX causes increased RBF and therefore increased renal delivery of free amino acids to the remaining kidney, leading to activation of a PTEN-independent, but class III PI3Kdependent, mTORC1 translocation to the lysosomal membrane where the mTORC1 activator RHEB resides and activates mTORC1 signaling to phosphorylate and activate the downstream effector S6K1. This leads to increased protein synthesis and renal hypertrophy, while the interplay between PTEN and EGFR-dependent class I PI3K/mTORC2/AKT/TSC2/ mTORC1/S6K1 signaling mediates appropriate kidney weight/BW ratios.
